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Summary
In the zebrafish embryo, primitive hematopoiesis initi-
ates in two spatially distinct regions. Rostrally, the
cells of the anterior lateral plate mesoderm (ALPM)
give rise exclusively to cells of the myeloid lineage in
a pu.1-dependentmanner [1–5]. Caudally, in the poste-
rior lateral plate mesoderm (PLPM), the expression of
gata1 defines a precursor pool that gives rise predom-
inantly to the embryonic erythrocytes [6]. The tran-
scription factor scl acts upstream of both gata1 and
pu.1 in these precursor pools, activating a series of
conserved transcription factors that cell-autonomously
specify either myeloid or erythroid fates [1, 4, 7, 8].
However, the mechanisms underlying the spatial sep-
aration of the hematopoietic precursor pools and the
induction of differential gene expression within these
pools are not well understood. We show here that
the Bmp receptor lost-a-fin/alk8 is required for rostral
pu.1 expression andmyelopoiesis, identifying an early
genetic event that distinguishes between the induc-
tion of anterior and posterior hematopoiesis. Introduc-
ing a constitutively active version of the Alk8 receptor
led to increased pu.1 expression, but the role of alk8
was independent of the scl-dependent cell-fate path-
way. Furthermore, the role of Alk8 in myelopoiesis
wasgenetically separable from its earlier role indorsal-
ventral embryonic patterning.
Results and Discussion
Despite their shared mesodermal origin, in the early gas-
trulating embryo, the ALPM and PLPM hematopoietic
precursors behave as dorsally and ventrally fated tis-
sues, respectively [3]. In dorsalized mutants such as
swirl/bmp2b, posterior precursors are reduced while
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4 These authors contributed equally to this work.the anterior pool is expanded. Conversely, in ventralized
mutants such as dino/chordin, anterior myelopoiesis is
reduced while the posterior pool is expanded [3]. Prior
to the differential expression of either myeloid or ery-
throid genes in these distinct precursor pools, both ex-
press the transcription factor scl, which is autonomously
required for both hematopoietic and vascular develop-
ment from a putative multipotential precursor—the he-
mangioblast [9, 10]. How these spatially distinct hema-
topoietic precursor pools are separately specified and
then differentiate as either myeloid or erythroid cells
during development is still unclear.
In order to investigate the mechanisms underlying the
early specification of the exclusively myeloid anterior
precursor pool, we performed a genetic screen for mu-
tants that fail to express pu.1 in the ALPM. In this haploid
screen, seven mutants were isolated and recovered in
diploids that show altered pu.1 expression in the ALPM.
One mutation mapped near the lost-a-fin (laf)/alk8 locus
and failed to complement the laf tm110b [11–13] mutant
(see Figure S1 in the Supplemental Data available with
this article online). Sequencing confirmed the presence
of a nonsense mutation predicted to eliminate most of
the kinase domain (Figure S1). This is likely a null muta-
tion, as the phenotype of this new laf allele (laf gl2) is iden-
tical to the characterized null laf alleles (laf tm110b and
lafm100) (Figure S1). Previous studies have described
a role for Alk8 in patterning the zebrafish dorsal-ventral
axis by Bmp signaling, and similarly in mouse, the clos-
est alk8 homolog Alk2 [12] is required for gastrulation
[12–15]. Although later roles for alk8 and Alk2 have
been described in craniofacial and neural crest/heart
development, respectively, a role in myelopoiesis or he-
matopoiesis has yet to be identified [16–18].
To further investigate the requirement for Alk8 in he-
matopoiesis, a detailed analysis of gene expression
was performed. lafmutants displayed vastly reduced ex-
pression of markers of myeloid specification in the ALPM
(pu.1, runx1, c-myb, and ikaros [2, 3, 8, 19, 20], Figures
1A–1D) and of markers of myeloid terminal differentia-
tion (Figure S2), although expression in the PLPM was
largely normal (Figure S3). In order to identify the earliest
defects in hematopoiesis in these mutants, scl expres-
sion was examined. At both 10- and 14-somite stages,
scl expression was essentially unchanged (Figures 1E
and 1F). In pu.1 loss-of-function animals, ectopic gata1
is observed in the ALPM [4]. However, in laf mutants,
no ectopic gata1 was seen, suggesting that Alk8 signal-
ing does not simply act directly on pu.1 transcription but
has a broader, perhaps earlier, role in differentiation of
ALPM cells (Figure 1G). Furthermore, the expression of
fli1 in endothelial precursors (Figure 1H) and tie2 in differ-
entiating endothelial cells were normal (Figure S2), as
was nkx2.5 expression in the myocardial precursor pool
immediately posterior to the myeloid pool (Figure 1I)
[19, 21]. Taken together, these data suggest that Alk8
is specifically required for myelopoiesis in the ALPM.
In addition, since swirl/bmp2b and snailhouse/bmp7
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mildly dorsalized laf mutants, retain expression of pu.1
in the ALPM [3], these defects cannot be simply second-
ary to dorsal-ventral patterning defects.
Figure 1. Alk8 Is Specifically Required for Myelopoiesis in the Ante-
rior Lateral Plate Mesoderm
(A–D) Gene expression marking cells of the anterior myeloid precur-
sor pool was vastly reduced in lost-a-fin/alk8 (laf) mutant embryos.
Expression of pu.1 (A) (n = 16), runx1 (B) (n = 13), c-myb (C) (n = 9),
and ikaros (D) (n = 11) is shown.
(E–I) scl expression, endothelial precursor, and myocardial precur-
sor cell types derived from the ALPM develop normally in laf mutant
embryos. Expression of scl (E, F) (n = 40 at 10 s and n = 46 at 14 s),
gata1 (G) (n = 41), fli1 (H) (n = 9), and nkx2.5 (I) (n = 15) is shown.
All images are dorsal views of the anterior of flat-mounted embryos,
with the somitic age shown in the bottom right corner of each panel.
The genotype was determined by examining the patterning pheno-
type of the embryos.In order to understand if alk8 is required permissively
during myeloid development, or whether it plays an in-
structive role in specifying myeloid fates, we took ad-
vantage of a constitutively active version of the Alk8
receptor [12]. Since injection of constitutively active alk8
mRNA (CA alk8) ventralizes embryos, it would be ex-
pected to decrease ALPM pu.1 expression [3]. However,
in mildly ventralized embryos (Figures 2A–2D), pu.1 ex-
pression was increased in the anterior compared to
embryos injected with nonactivated wild-type receptor
mRNA (WT alk8) (Figures 2E–2H). As expected in these
mildly ventralized embryos, posteriorpu.1was increased,
as was gata1 expression, further suggesting that Alk8
signaling does not simply upregulate pu.1 or disrupt
the interplay between pu.1 and gata1 (Figure S4). Fur-
thermore, we next examined the relationship in embryos
that are patterned normally, in which the CA alk8
mRNA was coinjected with lacZ mRNA into one cell of
16- or 32-cell stage embryos. In these experiments,
a higher dose of CA alk8 was injected per cell, but since
only a fraction of the cells received the injected RNA,
overall dorsal-ventral patterning was not perturbed
(100%; n = 26 unilaterally stained CA alk8/lacZ-injected
embryos). pu.1 expression was specifically increased
in regions overlapping lacZ staining, including in the
PLPM where unilaterally delivered CA alk8 induced uni-
lateral pu.1 expression (Figures 2I–2K). These data sug-
gest that increased Alk8 signaling can instruct hemato-
poietic cells to increase pu.1 expression in the ALPM
and can increase hematopoietic expression in the
PLPM in embryos that are not ventralized. Interestingly,
the injection of CA alk8 mRNA did not induce ectopic
expression of pu.1 in nonhematopoietic anterior or
posterior mesoderm, indicating that Alk8 signaling alone
is not sufficient to alter cellular fate throughout the meso-
derm.
The earliest specific genetic regulator of hematopoie-
sis in zebrafish is defined by the cloche mutation [19, 22,
23]. cloche mutants fail to express scl or pu.1 during
myelopoiesis, and scl or pu.1 mRNA injection rescues
myeloid failure in cloche [4, 10]. To determine the genetic
relationship between Alk8 signaling and the roles of
myeloid-specifying genes cloche and scl, a series of ge-
netic epistasis experiments were performed. The injec-
tion of scl mRNA failed to rescue pu.1 expression in
the ALPM in laf mutants (Figures S5A and S5B), consis-
tent with the retained expression of endogenous scl in laf
mutants (Figures 1E and 1F). Furthermore, injection of
CA alk8 mRNA failed to induce excess scl expression
in the ALPM, again suggesting that Alk8 acts down-
stream of scl (Figures S5C and S5D). Finally, the injection
of low doses of CA alk8 mRNA into cloche mutant em-
bryos failed to rescue anterior expression of pu.1 in
mildly ventralized embryos (Figures S5G–S5J). To-
gether, these data suggest that the regulation of pu.1-
dependent primitive myelopoiesis by cloche/scl and
alk8 can be considered separate, equally necessary, ge-
netic inputs.
To investigate when Alk8 functions during myeloid de-
velopment, we took advantage of a heat shock-inducible
dominant-negative Bmp receptor transgenic line [24].
This transgenic, which has a heat shock- inducible pro-
moter driving expression of a type 1 Bmp receptor that
has GFP in place of the kinase domain, is an effective
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outcross, half of the heat-shocked progeny express
the dominant-negative receptor, detectable as GFP-
Figure 2. Alk8 Is Instructive in Myelopoiesis
(A–H) Anterior expression of pu.1 was increased in ventralized em-
bryos injected with constitutively active alk8 (CA alk8) mRNA.
(A) Embryos injected with wild-type alk8 receptor mRNA (WT alk8)
(10 ng/mL) are phenotypically wild-type.
(B–D) Embryos injected with CA alk8 mRNA (10 ng/mL) are ventral-
ized and were separated into three classes of increasing phenotypic
severity: class I embryos display reduced anterior structures and
small eyes (B); class II embryos have reduced anterior structures
and have no eyes (C); and class III embryos have virtually no anterior
structures and are severely ventralized (D) (all embryos at 8 somites).
(E) Embryos injected with WT alk8 mRNA display normal expression
of pu.1 at 14 hpf.
(F) Class I embryos display mildly increased expression ofpu.1 in the
anterior (31%; n = 26).
(G) Class II embryos display increased intensity and expansion of
pu.1 expression in the anterior (85%; n = 46).
(H) Class III embryos display a restricted region ofpu.1 expression of
increased intensity (94%; n = 18).
(I–K) Increased expression of pu.1 is specific to the delivery of CA
alk8 mRNA in mosaic embryos.
(I) Embryos injected with lacZ mRNA only (50 ng/mL) into a single cell
at the 1/16–1/32 cell stage display wild-type expression of pu.1 in
lacZ-stained regions (n = 38 unilaterally lacZ-stained embryos dis-
played normal expression of pu.1). Embryo displayed at 8 somites.
ALPM and PLPM are indicated by brackets.
(J and K) Embryos coinjected with lacZmRNA (50 ng/mL) andCA alk8
mRNA (40 ng/mL) display specifically increased pu.1 expression in
regions of lacZ staining at 10 somites (J) and 8 somites (K) (n = 18/
26 CA alk8, lacZ mosaics that stained unilaterally displayed coinci-
dentally increased pu.1 expression). Arrowheads indicate increased
pu.1; boxed sections in (J) and (K) are expanded to show close
association of lacZ- and pu.1-positive cells. Embryos in (E)–(K) are
flatmounted and viewed dorsally; (E)–(H) are dorsal views displaying
ALPM at 12 somites; (I) and (K) are dorsal views of the whole em-
bryo at 8 somites; and (J) is a dorsal view of the whole embryo at
10 somites.positive animals. We heat shocked embryos from a het-
erozygous outcross at 70% epiboly, bud, 4-somite, and
12-somite stages and analyzed the expression of pu.1
at 14- to 16-somite stages. Embryos heat shocked at
70% epiboly and bud stage that expressed GFP showed
a vast reduction in pu.1 expression specifically in the
ALPM, whereas embryos heat shocked at 4 somites
(when ALPM expression of pu.1 is first seen [1]) showed
Figure 3. Blocking Embryonic Bmp Signaling Postpatterning of the
Embryonic Axis Inhibits Myelopoiesis
(A–D) Expression of pu.1 was lost in the anterior myeloid pool in em-
bryos from a heat shock-inducible dominant-negative Bmp receptor
transgenic line, after heat shock (HS) at 70% epiboly and bud stages.
GFP-negative siblings (top) and GFP-positive siblings (bottom) (dor-
sal views displaying ALPM) were produced from a heterozygous
outcross of the heat shock-inducible truncated Bmp receptor-GFP
transgenic fish, all at 14–16 somites.
(A) 70% epiboly heat shock (n = 63 GFP-negative embryos all ex-
pressed pu.1, n = 60/74 GFP-positive embryos displayed vastly re-
duced pu.1 expression).
(B) Bud stage heat shock (n = 155 GFP-negative embryos all dis-
played pu.1 expression, n = 117/119 GFP-positive embryos dis-
played vastly reduced pu.1 expression).
(C) 4 somites heat shock (n = 54 GFP-negative embryos displayed
normal pu.1 expression, n = 45/77 GFP-positive embryos displayed
only mildly reduced pu.1 expression).
(D) 12 somites heat shock (n = 52 GFP-negative embryos all dis-
played pu.1 expression, n = 43 GFP-positive embryos all displayed
normal pu.1 expression).
(E–H) Transgenic animals heat shocked at bud stage phenocopy
lost-a-fin expression of pu.1. In lost-a-fin mutants (F), anterior pu.1
expression is vastly reduced compared with wild-type (E), while
posterior pu.1 shows no obvious reduction at 16 hpf. Likewise, in
GFP-positive embryos from bud stage heat shocks (H) anterior
pu.1 expression is vastly reduced compared to heat shocked
GFP-negative siblings (G), while posterior pu.1 expression shows
no obvious reduction at 14 hpf. Dorsal views of whole embryos.
(I and J) Expression of scl is retained in the anterior and posterior in
both GFP-negative ([I], n = 98) and GFP-positive ([J], n = 87) embryos
after heat shock at bud stage. Dorsal views of whole embryos.
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topoietic Precursors
(A) Semiquantitative RT-PCR showing ex-
pression of Alk2 in cDNA from sorted hema-
topoietic precursors. Alk2 expression was
detected in cDNA from hematopoietic stem
cells (HSC), common myeloid progenitors
(CMP) that were Flt3-positive, Pu.1-high ex-
pressing, and Pu.1-low expressing CMPs as
well as in pro B cells (pro B) where two
isoforms were detected. Expression was not
observed in megakaryocyte-erythrocyte pre-
cursors (MEP) or in granulocyte-macrophage
precursors (GMP). Primers flanked an intron
and did not detect genomic DNA (gDNA).
The Alk2 product is 403 bp and the GAPDH
product 150 bp.
(B)Diagrammatic representation ofsortedcell
types during hematopoietic development.
HSCs give rise to pro B cells and CMPs, while
Pu.1-high CMPs are thought to differentiate
as GMPs and Pu.1-low CMPs are thought to
differentiate as MEPs. Alk2 is expressed in
all the early precursor populations but not in
the more differentiated MEP or GMP cells.
(C) Diagrammatic representation of the ge-
netic pathways regulating the transition be-
tween the hemangioblast (dark gray) and
myeloid precursor (light gray) cellular states
in the zebrafish ALPM. Events occurring be-
tween bud and 4-somite stages are shown in
black.only a mild decrease in pu.1, and a 12 somite heat shock
had no effect on the ALPM (Figures 3A–3D). At all time
points, GFP-negative heat-shocked siblings displayed
normal expression of pu.1 (Figures 3A–3D). Embryos
heat shocked at bud stage effectively phenocopied laf
mutants, as they displayed normal posterior pu.1 and lit-
tle anteriorpu.1expression and yet expressed scl in both
precursor pools (Figures 3E–3J). Since heat shock at bud
stage inhibits Bmp signaling well after the establishment
of the dorsal-ventral axis [25], these data indicate that
signaling through Alk8 for the induction of ALPM myeloid
development is independent of the role of Alk8 during
axis patterning. There is hence a myeloid-specific re-
quirement for zygotically derived Bmp signaling in the
ALPM but not the PLPM between bud and 4 somites,
a period when scl expression is initiated, followed by
the initiation of pu.1 expression [1].
To hunt for a myelopoiesis-inducing ligand, we in-
jected morpholino oligonucleotides targeting bmp2b
and (the candidate ligands due to dorsal expression dur-
ing gastrulation [26–28]; data not shown) bmp7, bmp4,
radar, and admp singly, and in various combinations.
No morpholino or combination reduced pu.1 expression
in embryos that were not hyperdorsalized [3] (Table S1),
suggesting that another ligand or ligand combination
may be involved, or that hyperdorsalization due to loss
of ventral fate induction may preclude the analysis of
a specific role in myeloid induction.
The most closely related murine Alk receptor, Alk2 [11,
12] (best considered an alk8homolog rather than a defin-
itive ortholog), is required for gastrulation, and thus Alk2-
deficient embryos cannot be examined for defects in
primitive myelopoiesis [14, 15]. To investigate the possi-
bility of a conserved role for Bmp signaling in murine he-
matopoiesis, we examinedAlk2 transcript expression byRT-PCR of cDNAs from populations of murine hemato-
poietic precursors sorted from adult marrow as de-
scribed previously [29]. We found that Alk2 was ex-
pressed in hematopoietic stem cells (HSCs), common
myeloid precursors (CMPs), common myeloid precur-
sors selected for both high and low Pu.1 expression
from a Pu.1 knock-in transgenic mouse (CMP Pu.1 HI
and CMP Pu.1 LO) [29], and in pro B cells (pro B), but
not in megakaryocyte-erythrocyte precursors (MEPs)
or granulocyte macrophage precursors (GMPs), which
are derived from the CMP populations (Figure 4). Inter-
estingly, these very early precursor cell populations
that express Alk2 are all Pu.1 positive, whereas the
more differentiated MEP and CMP cells downregulate
Pu.1. At the molecular level, these adult myeloid precur-
sors can be considered a close relative of the early em-
bryonic myeloid precursors that requirealk8 in zebrafish.
The anatomical separation of zebrafish embryonic
myelopoiesis (ALPM) from hematopoiesis (PLPM) sug-
gests that spatially regulated cellular signals, not just
temporally regulated transcriptional inputs, are involved
in the regulation of embryonic hematopoiesis. Here we
identify the first mutation that genetically inhibits the ini-
tiation of anterior embryonic myelopoiesis but not poste-
rior erythropoiesis or myelopoiesis in the developing ze-
brafish embryo. Given the normal expression of scl in laf
embryos, this novel role for Alk8 suggests that an ante-
rior Bmp signaling center exists in the embryo, which is
required for the transition from an ALPM hemangioblast
cellular state to an ALPM myeloid precursor cellular
state between bud and 4-somite stages. This signaling
event acts independently of the cloche/scl requirement
for pu.1 induction at 4 somites [1, 3] and is required for
the interplay betweenpu.1 and gata1 to occur (Figure 1G
and [4]).
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embryonic ALPM myelopoiesis pertains to adult/defini-
tive hematopoiesis has not been explored. Although it
has been reported that runted, adult viable, and fertile
homozygous laf adult fish have occasionally resulted
from rescue of laf embryos by zygotic alk8 mRNA injec-
tion [13], whether these have normal definitive hemato-
poiesis and/or myelopoiesis is unknown and cannot
be presumed. In other species, myeloid-compromised
phenotypes may be adult viable (e.g., G-CSF-deficient
mice [30]), and some severely hematopoietically com-
promised zebrafish blood mutants are also adult viable
at low penetrance (e.g., moonshine [31]).
In summary, we now propose a working genetic
model that unifies our data and these previous observa-
tions [1, 4] (Figure 4C). Given the strong conservation of
the regulatory components of the hematopoietic molec-
ular machinery in mammals, fish, frogs, and flies, as well
as the differential expression of the mouse type 1 Bmp
receptor most homologous to alk8 (Alk2) in murine he-
matopoietic precursors, these findings mandate a care-
ful functional analysis of the role of mammalian Bmp
signaling in early hematopoietic development.
Supplemental Data
Supplemental Data include five figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at
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